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Abstract

We study electron transport between capped carbon nanotubes and a sub-

strate, and relate this transt)ort to the local density of states in tile cap.

Our results show that the transmission probability mimics the behaviour of

the density of states at all energies excel)t those that correspon([ to localized

states. For a capped carbon nanotube that is not connected to a substrate,

the localized states do not couple to the coexisting continuum states. How-

ever, close proximity of a substrate causes hybridization between these states.

As a result, new transmission paths open fiom substrate states to nanotube

continuunl states via the lo(:alized states in the, cap. We show that the inter-

[b.ren(:e between various paths gives rise to transmission antire..sonance.s with

the minimum equal to zero at _he, energy of the localized state. The pres-

ence of defiwts in the tube placexl (:los('. to the cap transforms anl,ires()nan(:es

into resonan('es. Del)(m(ling ()n l,he sl)at&tl I)*,si_.i_)n ()f ([(_fe(q,s, _,hese veso_mnl.

st,at(_s a,re (:at)ai_l(; ()f carrying a large (-m't'ent,. Th(' results ()[" I.his pal)er aw

()f relev;mce to CaI'})OII [la[i()t,ll})(_ [)ased stlidics ()It [noleclfiar el(_(:tr(mh's ;m([

probe tip applications.
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I. INTRODUCTION

The tip of a carbon nanotube (CNT) can either be open or capped. Methods of construct-

ing lmlyhe([ral caps have been suggested t and there has been recent evidence for the existence

of caps in fabricated nanotubes. 2-4 Characteristic features of electron flow through CNT is

of relevance to both molecular electronics and experiments using CNT tips as a probe. _--s

To the best of our knowledge, there have been no studies of electron transmission through a

CNT cap, although there have been studies of the local density of states (LDOS) in a CNT

with caps. 2'a Our study clarifies the relationship between the LDOS and electron transmis-

sion in CNT with polyhedral caps. In this paper, we study the physics of transport through

capped CNT and address the following issues: (i) the relationship between LDOS and trans-

mission probability through cap atoms, (ii) the effect of the localized discrete energy levels

in the cap, an(t (iii) the efli_(:t of def>(:ts on tunnel curre.nt/transmission.

[tmident eh, ctrot: waves from the. CNT tunnel via. the cap to the substrate. The way<,

flmctions of the cap and substrate overlap due to their physical proximity. 9 This overlap

provides a physical mechanism for hybrktization of localized and continuum states, which

transfi)rm these initially localize<l states (discrete energy levels) to quasi-localized states..ks

a result of this hvbri(tization, new channels involving the quasi-localized states Ol)en ,11) f()r

electron transufission ['rom substrate to CNT. In this study, we [bcus on the truly metallic

_lrtnchair t ulms, whi<h show lnotnis(, as (lUalltlltn wire's all([ fill" CNT Imse([ 1)rolms involvin,u,

al ttlIln('l <'urt'ent. TD' .5-['o1([ svlninctric lml.vhe(hal ('al) with o)w pcnta<_otl _lt the cap ('etlt('r

+m+[ fix'<, p<' t_lx(ms l)l+_(<'+t svtultwtricallv alcmg the <'([g<' o1 al { I1),111) nanotul)<' is c()nsi<lcl<'(l

itl this stu(ty [Fig. I i.

II. THEORY

In this s(,('ti()n w(' ()utline th(' I'(wlnalis)n us('([ and also ([is('uss the assuml)ti()ns mad(' in

(m)" stu(lv. Th(' ('()nll)i)mti_)IL ()f (:NT an([ sui)strat(' can I)(' (()nC('l)t.ually (livi(h'([ into thi('('
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parts: substrate (S), section of CNT int:ludi,tg th(, cap (D) and a semi-infinite CNT region

(L) [Fig. 2(a)]. The location of the interface between D and L is arbitrary. The transmission

and LDOS are calculated using the Green's flmction formalism, m'tt The Green's flmction

G' is obtaine(t by solving:

[E n- zS.- G"(E): (1)

where H is tit(.' Hamiltonian of D. E}, and E_, are the self-energies due to the semi-infinite

CNT and substrate respectively. The single particle LDOS at site i [N,(E)] and transmission

probability [T(E)] at energy E arc obtained by solving Eq. (1) for the diagonal element Gi_

and the off-diagonal sub-matrix of G" corresponding to atoms in D that couple to L and S:

,V, tE) = -- _ [,,,[a',i(m] (2)

T(E) = T,.r, ce[r,,6'"rso"] . (:3)

FL and F.s, are coupling rates to the semi-infinite CNT It and substrate respectively. Fs

depends on the overlap matrix elements between sites in the tip and substrate. E;. is a

(:Oml)lex mlmber and its imaginary part Fx reI)resents injection of electrons [I'Oill S to D.

The real part of _Is' causes a change in onsite 1)otential and thus is neglected in our study.

For simplicity, we take F.s. to l)e an en('rgy independent parameter. This is often the case

ov(,r stnall ranges of ermrgv. Also, this assumption allows us to focus on studying the physics

_t' the cap, t'ath('l than a ('onv(Jutiotl ()f tit(' (L('nsity ()t' states of the tip a.ll(l sul)strate.

For tul)('s with ({(,[('(:ts, w(' ('()nsi(br the I)oll([ r()tati()n (h,f('('t whi('h (:r'_,a_t('s two) p('ntag_m-

hq)tagon pairs (s('(' I)ox in Fig. 1). iz Finally th(, mlm(,ri(:al calculations use the single orbital

real Slm(:e tight I)inding rei)rescntation of the CNT t[amiltonian, l:_

wh_q(, ea.(:h (:arl)(m atom has an(), z(,ro h,)l)ping 1)aram('t('r 5 with its thr(,(, near n('ighl)ors,

a.n(l ¢, (,]) is the m_tihilation (cr,'ation) ()l)('rat()r a,t atomic site i.
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III. RESULTS AND DISCUSSION

The main issues a(ldr_sscd in this section ar(': (i) r(qationship between the LDOS and

the transmission 1)ml)a[)ility through cap atoms iu a defect fi'ee CNT, (ii) the effect of the

localized discrete en,_rgy levels in the (:ap, all(t (iii) the effect of defects on tua,lel cur-

rent/t ransmissioa.

We first a(kh'ess issues {i) and (ii) involving defect free caps _, studying the relationship

between the LDOS at atom i in the cap and the transmission probablility from the substrate

to the semi-inlinite CNT via atom i. The LDOS at various atomic locations in the cap are

plotted in Fig. 3 (bt the case when a cap atom does (dashed) / does not (soli(t) make

contact with the sul)strate. \.Vhe|I the cap (toes not make contact with the sul)strate, the

resonant peaks in the LD()S are al)seat be(:ausc the h)calizcd states have an infinite lift'time. _

Coupling of the (:al) to the substrate causes hyl)ri(Iiza.tion of the h)calized and ('ontimmm

states. As a result, the localized states l)ecom(: quasi-localized with a ti,fite lifetime. This

is represented by the broadened resonances in Fig. 3. I,l the energy range considered, there

are two h)calize(t stat(,s, one around 0.25 eV and tho other around -1.5 eV.

Wc find that tlw I.D()S vari('s signifi(:a_tly with at()mi( location, with the LD()S at th(,

apex atom 1 I)cing ah,,ost _u, or(let ol' magnitu(h' sl,,aller than the LD()S of atom 4 which

is at the cap edge. The LD()S of atoms 2 aa(I 3 whi(:h lie inl)etw(;en, an(l the DOS average([

ov(,r all cap at()rr,s ;u(' also slt()wn iu Fig. 3 [i)r (()mpariso)_. When (:out)IiHg to th(' sul)strat('

is w,,ak, th(' t l;lusrffissio_l t,r()l)al)ility is ('()rv(,Sl)(m([in_4iv Irm('h bu_4('t wh(,u at())n l illak('n

co)lta('t t,) the sul)stl;It(' ( Vi_. 4). '_Ve als() lin<t that tile trauslnissio), i)rol);tt)ility Jnimi('s th('

LD()S at most ('))(')_4i('s, _)s i.s s('(:)_ for tlw I'()ur (:;q> at())),s (:o_si(l(')('d [Fig. I]. Th(, ),)a.jor

cli/[i_r'(')l(:(' is at tit(, r<'s()tlant ('/icrgy, wh(,/'e lh,c LDOS Wa.k,_' corrc,_'pond._" to tr_t,u,_'m,i._',_i,m

z_:'roc.s. Tit(' tra)ismi._sioz_ ([il) a)'is(,s fi()m hv[))'i([iz_ti())_ ()[ h)(:aliz(,(l and (:(mtitmum stat(,s

via eOul)lil)_, t() th(' suI)st)at(' as r('l))'es(,utc([ i)i(:t()daIiy iN Vi_. 2([)). States in th(' CNT cal)

(:())nl))is(' ()I h)(:_diz('([ (o_.) a))([ (-o))tiimu))_ (o(,) ._ta)(,s th_) arc utw<))il)h'([ lr_)u) ('_wh ()th('r.

Bringing tlw sul)st)'at(, it_ (:l()s(, l))()xi))fitv t() th(' ('a.I) ('()ul)h's _/_t, am[ _p(.. t() th(' sul)stratc
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states (Os). As a result, electronshaw'.many paths to be transufitted ['ronl O.s' to 9(': (i)

directly from Os -+ Q(', (ii) O,s' -+ 0:, -+ Ox --+ ¢(,' and (iii) higher or(M representations

of (ii). The interDrence between these paths gives rise to the transmission zeroes at tile

resonant energies (inset of Fig. ,l). A similar effect has been studied berlin' in the context of

scattering of light from molecules H and electron transport in stubbed semiconductor wires. __

When the strength of coupling between the cap and substrate increases, the antiresonances

become stronger. That is, the minimum is still zero but the width scales with coupling

strength F_ as shown in Fig. 5.

We now consider changes to the antiresonance picture due to defects in a tube [issue (iii)].

A defect h)cally mediates mixing/hybri(lization of localized an([ contimmm states. Quasi-

localized states (OL) are now coupled to continuum (¢c) and substrate states (Os). This

leads to transmission paths similar to a double barrier resonant tunneling structure [Fig.

2(c)]. In addition, the paths leading to the, transmission antiresonance discussed previously

also exist, and are, accounted for in the calculations.

_Ah'. consider a topological bond rotation defect (box in Fig. 1). 12 The LD()S remains

similar to Fig. 3 but in comparison to Fig. ,1, the transmission prol)al)ility has ('hanged

significa.ntly around[ the localized energy levels as shown in Fig. 6. tlesonant p,'aks appear

in the transmission lm)bal)ility for the S}Ltlle Feasotls discussed in the previous lmragr'al)h, hi

tit{' presence of a _tcfl,ct, the' resolmnco wi<[th is (letormine_t by two c_l_tril)uti¢_l_s. The litst

contribliti(m in tlw hvl_ri(liz;ttioll _[ue to the sul_strate anal tit{, secon{{ c_mtlil_llti**ll is the

hyl}ri(lizati_m _[ue t_ the ,Mect. The secomt contrilmtion _[epen(ls ot_[ < ,,_ ,[ fL:,/.,,,l_o:. > l,

where IL_,v,.,.t is llamiltoniatl of the defect, t0_,l '2 (or the density of states of the localize(l

state) _h,cays with distallce away from the cap. :\s a result, the width of the transmission

l'eSOll;tnce {tepen_ls on h_cation of the _lo['ect. Fig. 6 shows the transmission liar <lifIi'rent

(listam:es of the {Mi,ct ['ro,i the cap (L/_). LI) equal to 7, 15 ;l,n<t 35 in milts of tho one

_lil_,'llsi_mal unit _,'11 h,ll_th ,_f ;u_twh;fir t_l,_,s. Tlw ltmin li!atul'e is that the ,',id/h, b,',',m,',s

s'm.a.ll_r a,s di.sla,_... .f ll.' dcJ'ccl fl'om llw cap i_u:rca..sc,s. This can l)e un_lmstoo_l I'ro_n

the [act that the st. el gth _fl"hvl.'i_lizati_,t_ lwtw_'c_ c_mti_m_._ atl_¢[ loc;tlize_[ states i_ the
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cap arising due to the defect (J < Oc.lf[,_,,g,_,,[OL > [) decreases as distance of the defect

increases from the cap apex. In terms of tile current carrying capacity, clearly fiom Fig. 6,

tileresonant state iscal)ableof carrying a large current per unit energy compared to the

background energies.Thus, engineeringspatialdefectscan enhance tilecurrent injectedinto

a nanot_l[)e.

In addition to the transmission resonance around 0.25eV, there isa new narrow resonance

around 0.SeV in Fig. 6. This new resonance isdue to quasi-localizedstate.sassociated with

tile bt, a¢i rotation defect. '-c' "Io demonstrate thi_, tim DOS averaged over an annular ring

at the location of the defect (LD = 7) and the DOS averaged over a cap without defects

(as in Fig. i) are plotted in Fig. 7. Clearly, the resonance around 0.25 eV is due to the

quasi-localized state in tile cap. Tit(? narrow transmission resonances around 0.5 eV in Fig.

6 correspond to the large D()S resonance in the same energy range (Fig. 7) when there is a

bond rotation deli,ct.

IV. CONCLUSIONS

We studied phase coherent transport through carl)on nanotul)e tips making (:ontact to

a substrate. Tile transmission prol_al)ility mimics the LDOS for energies away from that

of the lo(:alize(t states in the CNT cap. The LD()S at, and transmission h'om an atom

at t.lte cap _l)CX are ahm)._t an or([¢'r o[" tnagnitndc smaller than those [i,_ an atOlll at tit('

cap e([g,'. At ('n,'rgi¢'s of the hm_lliz¢'([ cap stat,,s_ the t ransmissi(m profitability ('xhil)its a

styling antires(marwc. D,,fi'¢'ts in the tube alter this antiresonance by providing a(lditional

(h,I;,(:t-assiste([ chaltnels for transp()rt into the (:,mtilmum states of the CNT. :ks a result,

the transmission prolml)ility shows a resommce. ()nr (:al(:nlations show that the resonant

levels arc Cal)al)lc of carrying large amounts o[' current compare(| to other encrgi,'s an([ so

arc r,'h'vant to (,xperim,mts that measure the tunnel current via carl)on nanotubc [)ascd tips.

Th,' (-urr,'nt carrying capacity _)[ th,,s(' icsolmnccs ¢h'lmll([ on the positioll of the (h'I,'ct with

a ([¢'[;,('t ('los,'r to the cap pr(uluci I._ a, larger current.
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Figure Captions:

Fig. 1: (10,10) carl)on nanotubc with a polyh('(iral cap. The dashed lines connect equivalent

sites of the cap and nanotube in this two dimensional representation. The dashed box shows

a bond rotation dcfc(:t.

Fig. 2: (a) The CNT-substrate system is divide(t into three regions S, D and L. (b) In

the absencc of defects, the localized an([ continuum states in the nanotube are de(-oupled.

Coupling between the substratc and cap causes opening of transport paths where an electron

incident in the substrate tunnels into and out of the localized state before being scattered

into the continuum. This results in an ant|resonance. (c) The presence of defects in the tube

opens additional transport paths similar to those in doublc barrier resonant tunneling struc-

tm'es, with ('oupling to substrate and scattering by the (lcfe(-t acting as the two s(:attcring

centers. This transforms the transmission ant|resonance in (b) to a resonance.

Fig. 3: LD()S of atoms at the apex of the cap (atom 1), edge of the (:ap (atom 4), and

at locations int)etween (atom 2 an(l 3). The solid att(l (lashed lines represent the LDOS

with and without coupling to the sul)strate. The resonant peaks (dashed line) correspond

to lo('alizcd states in tit(, cap atoms that have become quasi-lo(,alizcd duc to coupling with

the sul)strate. The sol|([ lira's do not show this peak bc(:ausc these states are truly lo('alize(t

wili.'n ther(, is no coupling to the sul)stlatc.

Fig. 4: Transmission l)robal)ilitv versus energy f()r a CNT without defects in contact with a

s_tl)stt.ar(, [Fig. 2(I))1. Th,, _ntir('sotmtm(,s ()('cur ;_t tit(, sawn(, ('_(,r:g.x as the LD()S r('s()_mr_(','s

in Fig. _ Tit(' i/ls('t shows an ('Xl)an([('(i view ()[ the ",tlltiI('S(lll;tll('('. whi('h was ('()tnlmt('([ h)r

a ('(mi)ling strength of F_. = 2.SmcV.

Fig. 5: The width ()f tit(' a¢ltir(,somm(,(' in(:t'cas('s with strength of coupling F s. I)ut th('

minimurl_ is always zcl'(). The va,lue ()[" F.s. is giv(ql in tit(' lcgon([. The (lotted and dash('d

curves are s('ah'([ [)v 25 an(l 5 times the (:Oml)Ut('([ transmission prol)al)ility rcsl)('(:tiv(qy.

Fig. 6: Traiismissi()n 1)rol)al)ility v(,rsus ('n('r_Zv in l)r('s('nc(! ()f a [)()n(l rotati()n ([(,h,i't.

N_)tc that the v('vv St t,)lU_ I'(,s()tl_tll('_' ('alzs('([ l)v alll a.1)l)r()l)riatcly t)Iacc([ ([cf_'('t is Call)al)l(' _)["

carrying larg(' ('urv('nt. F()r this ('al('ulation, th(' (lcl'('(:t ('()lzl)ling strert,<th was g s. = 1.()m('V.
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Fig. 7: Average DOS of an mmular ring containing the dcfe.ct. The resonancearound

0.5eV corresI)ondsto a quasi-localizedstate of the defect. Tile resonancearound 0.25eV

correspondsto the qlmsi-localizedcapstates.
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Fig. 2 / Anantram
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Fig. 3 / Anantram
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Fig. 4 / Anantram
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Fig. 5 / Anantram
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Fig. 6 / Anantram
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Fig. 7 / Anantram

8 x le-2

6

or)
O4
C3

2

0
-2

defect at site 7

cap (no defect)
II

II
II
II
It
II
It
II
II
II
II
II
11

__/ V/ Ii

\\

I J I i I , I i I

-1.5 -1 -0.5 0 0.5

ENERGY (in units of

/
/

J
J

J
/

I , I =

1 1.5

eV)

2


